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Abstract 

The contribution of A(1232) to the ttN — ► ttttN reaction is examined by making use of the 
chiral reduction formula developed by Yamagishi and Zahed. The influence of the 7rAA and pNA 
interactions on this reaction, which has not been regarded as important so far, is considered for 
all channels with the initial ir^p states. The total cross sections are calculated to tree level for the 
energy up to T n = 400 MeV. Although the 7rAA and pNA interactions give a small effect on the 
ir + p — ► 7r + 7r + n, ir~p — > 7r + 7r~n, and ir~p — > 7r°7r°n channels, the ir^p — > ir^^p channels are found 
to be sensitive to these interactions. 
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I. INTRODUCTION 



The ttN — > 7T7riV reaction is important in the analysis of the low energy irN scattering 
because of its role as a major inelastic process. Since the pion mass is small owing to the 
spontaneous breaking of chiral symmetry, the contribution of the nnN channel is observed 
even around the A(1232) resonance. 

Many theoretical approaches have been taken to study this reaction: for example, the 
phenomenological model using effective Lagrangian Q, 0, 3| and a series of systematic anal- 
yses based on the chiral perturbation theory |4 L 5 L 6[. Also, the several kinds of global fits 
of the experimental data have been performed 3, la IS|- 

These studies show that the irN — > ttttN reaction is useful to extract some important as- 
pects of hadron physics. The 7T7T scattering length is obtained by using the ttN — > ttttN data. 
Furthermore valuable information taken from the ttN — > mrN reaction benefits the study of 
baryon resonances which have a considerable influence on this reaction. In particular, the 
contribution of A(1232) is remarkable around the threshold region. 

Because A(1232) contributes to the nN — > ttttN reaction through three typical interac- 
tions, i.e., the 7riVA, 7rAA, and pNA interactions, the information of these interactions can 
be accessible through the analysis of this reaction. However the 7rAA and pNA interactions 
have not been taken seriously in the theoretical analyses so far. These interactions are not 
included in Ref. jlj, and their contributions to the n~p — > n + n^n channel are shown to be 
negligible in Refs. 2, 0]- On the other hand, many types of interactions including the 7rAA 
and pNA interactions are considered in the global fits j^, 0], but their individual roles in 
each channel of the ttN — > ttttN reaction are not discussed. The 7rAA and pNA interactions 
still remain controversial in contrast to the well known 7riVA interaction. 

Chiral symmetry is a key to systematic understanding of the pion related reactions includ- 
ing the ttN — > titiN reaction. This symmetry has been accepted as a fundamental concept 
in the hadron physics due to the successes of the various low energy theorems [101 and the 

nn 

chiral perturbation theory in the threshold region [11, 12]. These studies are based on spon- 
taneous broken chiral symmetry, where the pions are considered as the Nambu-Goldstone 
bosons realized by this symmetry breaking. 

Recently, a general framework analyzing hadron reactions has been developed by Yam- 
agishi and Zahed on the basis of chiral symmetry. This framework introduces a new 



2 



type of reduction formula, i.e. the chiral reduction formula, which manifests a requirement 
of chiral symmetry satisfied by the invariant amplitudes not only for the threshold region 
but for the resonance region. It is worth noting that the chiral reduction formula offers 
the Ward identity satisfied by the quantum amplitudes without relying on any model or 
expansion scheme at the beginning. This identity allows us to take a flexible and consistent 
view, which is free from restrictions given by specific model, of the theoretical approach to 



resonances 
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In this paper, applying the chiral reduction formula to the invariant amplitude of the 
ttN — > irnN reaction, we try to clarify the contribution of A(1232) in this reaction to tree 
level. We particularly discuss the 7rAA and pNA interactions in all channels with the 
initial ir^p state. We assume the Rarita-Schwinger field for A(1232) without taking account 
of its internal structure. We do not aim to fix their coupling constants but to clarify their 
importance in the ttN — > nnN reaction. Our tree level calculation is enough to make a 
qualitative discussion about the 7rAA and pNA interactions because of the smallness of 
loop collections in this reaction as shown in ref. 0] . 

In Sec. II, we show the total cross section of the irN — > 7r7riV reaction. We take into 
account the isospin symmetry breaking when we compare our numerical results with the 
experimental values. We explain the chiral reduction of the irN — > 7r7riV reaction in Sec. Ill, 
and we show the form factors of the current matrix elements appeared due to the reduction 
of the invariant amplitude in Sec. IV. Our numerical results are presented in Sec. V and we 
discuss the contributions of A(1232) in this reaction. The summaries are given in Sec. VI. In 
the Appendix, we show the phenomenological Lagrangians which are necessary to evaluate 
the form factors appeared in the current matrix elements, and give a brief explanation of 
the Rarita-Schwinger field. 

II. TOTAL CROSS SECTION 

We consider the total cross section of the tcN — > nirN reaction in the isospin symmetric 
limit with the averaged values = 939 MeV and m n = 138 MeV for the nucleon and the 
pion masses, respectively (see Fig. . 
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FIG. 1: The 7riV —* ttttN reaction. Each pion has the isospin index (a, b, c) and the four- momentum 
ki (i = 1, 2, 3), and each nucleon has the four-momentum pj (J = 1,2). 

The isospin symmetric total cross section is given by 

B f d 3 p 2 d 3 k 2 d 3 k 3 

asym ~ 2^(s-m{)(s^m r ) J (2n) 3 2E 2 (2tt) 3 2^ 2 (2vr) 3 2a;3 

x(2n)W A \ Pl + h-p 2 -k 2 - k 3 )]Tf, (1) 

where s = (j>\ + ki) 2 and m± = ± m n . The energy of outgoing nucleon and pions are 
denoted as E 2 and Ui (i = 2, 3), respectively. The Bose factor B is equal to 1/2 if the outgoing 
pions are identical, otherwise this factor is 1. The invariant amplitude is denoted as T, for 
which the incoming (outgoing) nucleon spin average (sum) is taken, |T| 2 = (1/2) ^2 spins |T| 2 . 

We will show the numerical result as a function of the incoming pion kinetic energy 
in the laboratory system, T n , which incorporates the isospin symmetry breaking observed 
in the mass difference in each reaction channel. The invariant amplitude is sensitive to 
this difference through the pion kinetic energy of each channel near the threshold. We 
consider this symmetry breakmg by shifting the valne of the kinetie energy from the isospin 
symmetric threshold to the physical threshold p|. The total cross section a" ex pt measured by 
the experiments is related to Eq. ([T]) by 

cr expt(^7r) = C r sym(^7r) 5 (2) 

where T n is the isospin symmetric pion kinetic energy and 5T n = — T n . In Table HJ we 
summarize the value of bT v in each reaction channel. 
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TABLE I: The values of 5T n in each reaction channel. 



channel 5T n MeV 
ir + p — ► ir + ir + n +3.97 
TT + p — > 7r + 7r p —3.66 
7r _ p — > 7r + 7r _ n +3.97 
vr-p -> 7r vr°n -7.92 
7T~p — > ir~7r°p —3.66 

III. CHIRAL REDUCTION FOR vrA^ -> vrvrAT REACTION 

In this section, we explain the chiral reduction of the invariant amplitude for the ttN — > 
itttN reaction, 

(27r)V 4 )( Pl + h -p 2 - k 2 - k 3 )iT = (N(p 2 )\a c (h)a\k 2 )Sa a ^k 1 )\N( Pl ))U =0 , (3) 

where a a (k) [a a ^(k)] is an annihilation (creation) operator of the pion with the isospin com- 
ponent a and the four-momentum k. S = S[<f>] is the extended S matrix operator which is 
a functional of 4> = (a,v,s, J); the axial vector, vector, scalar, and pseudoscalar c-number 
external fields [13]. At <p = 0, <S is reduced to the ordinary S matrix operator. These 
external fields play an important role in the formulation of the chiral reduction formula. 
Using the chiral reduction formula, we decompose the invariant amplitude iT as Q] 

%T = (i% + iT A + iT SA + iT VA ) 

+(k u a «-> -k 3 , c) + (k 2 , b <-> k 3 , c) 

+iT AA A, (4) 
where ( <-» ) represents a permutation of the momentum and isospin indices of the pion in 
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the first four terms. Each term on the right-hand side of Eq. Q is explicitly written as 

i% = - k 2 f - ml)5 ab {N(p 2 )\r(0)\N( Pl )}, (5) 

J 7T 

iT A = ^#2 - ^1)^(^)1^(0)1^^)), (6) 
iT SA = -i^k^J d 4 xe-^-^-(iV(p 2 )|T*(a(x)jl M (0))|iV(p 1 )), (7) 



VA 



^k l + k 2 ykle abe j d 4 xe- l '^- fe )-(iV(p 2 )|T*(^(x)jl,(0))|iV(p 1 )) 5 



%TaAA — "m^I ^2^3 



VI 
1 

fj 

x J d^d^e-^+^W (9) 

The pseudoscalar density 7r a (x) is identified with the asymptotic pion field 7c as (x) as Xo — > 
±oo. The one-pion reduced axial current Ja^x) is defined by j%u( x ) = A^(x) + fnd^^x) 
where A^(x) is the ordinary axial current with the asymptotic form A^(x) — > —f n dfj,7i^ s (x) + 
■ ■ ■ as 3; ^ ±oo. The vector current and the scalar density are represented by j v ^(x) and 
a(x), respectively 1 . 

Equation (j3J) is an exact relation between the invariant amplitude and the current cor- 
relations constrained by chiral symmetry with the partially conserved axial-vector current 
(PCAC) condition, <9 M A^(x) — > f n m^7i^ s (x) as xq — > ±oo. Thus the chiral reduction formula 
can naturally deal with the explicit breaking of chiral symmetry. For example, Tsa is due 
to this breaking and vanishes in chiral limit — > 0. 

In Fig. |2l we show the diagrammatical interpretation of Eq. (@J) to tree level. The solid 
line corresponds to the external nucleon, and the double line to the propagation of the 
nucleon or A(1232). The cross denotes that the hadron couples to the current. The pion 
pole appears in the n current, while the j A current is free of this pole by definition. We 
assume the vector meson dominance (VMD) for the j v current, and take into account the 
p meson pole in T V a- The A(1232) resonance does not propagate in Tsa because the N-A 
transition is not brought about by the a current. 



1 We call 7r a (x) and a(x) the 'current' instead of the 'density'. 
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FIG. 2: Diagrammatical interpretation for the chiral reduction of ttN — ► 7r7riV reaction to tree 
level. 

IV. CURRENT MATRIX ELEMENTS 

Taking account of the Lorentz, isospin, parity and time reversal invariances and the vector 
current conservation d^jy (x) = 0, we can write the general forms of the current matrix 
elements necessary to evaluate Eqs. We summarize those matrix elements in Table 

US 

TABLE II: The current matrix elements necessary to evaluate each diagram in Fig. [2j 

% Ta T~sa Tva Taaa 

(N\7t\N) (N\j A \N) (N\j A \N) (N\j v \N) (N\j A \N) 

(N\a\N) (A\j v \N) (A|j A |iV) 

(N\j A \N) (A\j A \A) 
<A|.u|iV) 



A. Vector-isovector part 

The vector current matrix elements are generally written as 

yt*(p) (10) 
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(N(p')\JvM N (p))= u (p') 



for the nucleon, and 

(A(p')|jyO)|iV(p)> = u»(p') [F^ A (t)g u , + F^(t)Q ulll 

+F*£(t)Q v Q li + iF^{t)Q u a^Q x ] 75 I a (§, \)u{p) (11) 

for the N-A transition, where g M = (p' — p) 11 , = —q^ and t = (p' — p) 2 , r a is the isospin 
Pauli matrix and I a (i,j) is the j — > i isospin transition (2i + 1) x (2j + 1) matrix. The 
isoquadruplet Rarita-Schwinger vector-spinor and the isodoublet Dirac spinor are denoted 
as U^lp) and u(p), respectively. We note that 75 appears in Eq. (fTTj) because the Rarita- 
Schwinger field with spin-parity (3/2) + is employed for A(1232). The form factors ( Fy^it) 
with i = 1, 2 and Fyj(t) with j = 1 ~ 4) are the functions of t. 

In order to determine the t dependence of the form factors to tree level, we make use of 



the current-field identity 



17] 
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Tfl 

fv^) = ~fp a M (12) 

hidden local symmetry model for the vector mesons [la, [19|]. Based on this identity which 

expresses the phenomenology of the VMD, we write the nucleon form factors as 

2 

Tfl 

m 2 p -t- im p T p (t) 
F» 2 (t) = KvF%(t), (14) 

where we use the standard pNN interaction (see the Appendix) and the universality relation 
QpNN = f P - The isovector magnetic moment is denoted as Ky. The phenomenological width 
of the p meson is parametrized as 

/ \ fn a ( t — Am 2 \ 3 ^ 2 „ . <) . . 

T ' (t)=T 'vA-^k) e{t - Am% (15) 



where T p is the total width at t = m 2 p Q]. As for the N-A transition form factors, we 
obtain 

Fft{t) = ^ (T!L±^) . < (16) 

Jp V m P ) m l p -t- im p T p (t) 

F?£(t) = -J—F»?(t), (17) 
mjy + wia 

where we use the pNA interaction (|A.5j) . The pNA coupling constant is denoted as J p na- 
We note that the other form factors F^(t) and F^(t) in Eq. (fTTJ) are fixed to zero as 
long as we consider the Lagrangian (|A.5|) for the pNA interaction. 
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B. Axial-isovector part 

The matrix elements of the one-pion reduced axial current are generally written as I20II21I 
W)bV0)|iV(p)> = u(p) Ki(*)7, + F Ut)%] l^u(p), (18) 

+F%£(t)Q v Q (t + iF% t £(t)Q v *, x Q x ] J°(|, |)u(p), (19) 
(A(p')|iyO)|A(p)) = [7V) [F*^)^ + *%&)9ux% 

+ F A,s( t )(l^9i^X + 9u^qx) 

+Fi A (t)q v ^q x + Fj 5 (£) WA ] 75 I a (§, f)f/ A (p). (20) 

Owing to the nature of A(1232) in our treatment, 75 does not appear in Eq. (|T9*j) in contrast 
to the familiar form of the axial currents given by Eqs. (JTSj) and ([20)1 . Note that the pion 
pole does not contribute to the above form factors by definition. 

Some of the form factors in Eqs. ()18|1 — (|2()j) are exactly related to the renormalized cou- 
pling constants for the pion-baryon interaction, 



fnNN(t) 
f-KNAit) 



u 

m 



^ Kf (t) + (»» - m a )F^ a (t) + fF^(i)] 
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(21) 
(22) 

(23) 



where we consider the effective ttNN, ttNA, and 7rAA interactions (|A.1J) - (|A.3J) given in the 
Appendix. The other form factors (F%£(t), Ff 3 (t), Ff 4 (t) and Ff 5 (i)) do not appear m 
our calculation. 

At tree level, all the form factors are reduced to constants. We write = qa and 
F^ 2 = — 2A 7rA r/m^., where g& is the axial coupling constant and A nN characterizes the 
discrepancy between f n NN(t = 0) and f n NN(t = m\) It is difficult to determine the 

differences in their coupling constants between t — and t = in the present situation 
of experimental data. Then we eliminate F^ and F^ 2 naturally by using the PCAC 
hypothesis /t^a^aaC 7 ^) — /7riVA,7rAA(0). In order to determine F^ 1; we use the ratio 
Rna = fnAA (0)/f nNN (0) and obtain 

F^a 



-9a- 



(24) 



In the quark model, F^a becomes 4/5 [2i 



C. Scalar-isoscalar part 

Since A(1232) dose not contribute to %sa, we only need the nucleon matrix element for 
the a current, 

(N(p')\a(0)\N(p)} = S(t)u(p')u(p). (25) 



According to the definition in Ref. the form factor S(t) is equal to —a^^ii^/f^m^ 

where ovat(£) is the pion- nucleon sigma term which becomes independent of t at tree level. 

D. Pseudoscalar-isovector part 

The nucleon matrix element of the 7r current appearing in 7^ is written as 

(N(p r )\n a (0)\N(p)) = P(t)u(p')i l5 T a u(p). (26) 

This current satisfies 

(n + ml)r(x) = ^r Afl (x), (27) 

n 

where the external fields are set to zero Jl3j. From Eqs. (|T5 Jl . (j27 j) and fOjl . we obtain 
the general relation between the form factor P(t) and the form factors F A1 , F^ 2 or the 
renormalized nNN coupling constant, 

= -±-f ( 2 -^) UMt), (28) 
mi - 1 \ nil, J 

where the pion pole contribution is taken into account. 



V. RESULTS AND DISCUSSIONS 

In this section we show the numerical results for the ttN — > ttttN total cross section below 
T n = 400 MeV. We discuss the influence of the 7rAA and pNA interactions on this reaction. 
The free parameters are f P NA and -Rata- In Table ITTT1 we summarize the value of constants 
in this paper. 

First we consider the 7rAA interaction. This interaction probes a double-A part of the 
contribution in Taaa when only A(1232) appears as the intermediate baryon. Figures El and 
H]show the dependence of each cross section on the values of -Rata- The pNA interaction 
is not included there. Two values for -Rata are chosen for the calculation, i.e. 0.8 and 0.4. 
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TABLE III: The value of constants in this paper. The mass and width of each particle or resonance 
are shown in MeV. Note that has the opposite sign with G in Ref. [2^ due to the difference 

of definition for the iV-A transition form factors of j A . 



Masses and widths 


(MeV) 


Parameters 






m N 


939 


fJA 


1.265 




m n 


138 


f P 


5.80 a 




m A 


1232 


Ky 


3.71 




m p 


770 




1.382 6 




r A 


120 




-54 


MeV c 


rp 


149 


CttN 


45 


MeV d 






u 


93 


MeV 






F NA 
r A,2 


-4.235 x 


10- 4 MeV" 



a See p. 3 
b Ref. 2t 
c Ref. M 
d Ref. |23 



in Rcf. 
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22 1 and the latter is selected based on the 



The former is taken from the quark model result 

n 

argument in Ref. |47| . 

In the 7t + p — > 7i + 7c + n and 7i~p — > 7r + 7r~n channels, the cross sections are increased by 
about 10 - 30 % around T w = 300 MeV due to the double- A propagation in Taaa compared to 
the results with -Rata = 0. In n~p — > n°iT n channel, the effect of the double-A propagation is 
less than a few percent. In the same fi g ure , we also display the experi mental data taken from 



Refs 



P 



25 



26 



27 



28 



29, 30 



31 



32 



33 



34. 



35 



36 



37 



38 



39 



40 



41 



42 



43 



44, 



45 



46]. 



As for the ir~p — > 7i + 7i^n and 7t~p — > 7r°7r°?2 channel, the disagreement between the theory 
and data is far beyond the variation in the cross section due to the 7rAA interaction. This 
result is consistent with that of Ref. [3] for the n~p — > n + 7i^n channel. 

In contrast with the above results, the tv p — ► ir^^p channels are sensitive to the 7rAA 
interaction (see Fig. HJ). The total cross section for the ir + p — > 7T + ir°p channel below 300 
MeV increases by about 50 % with -R^a = 0.4, and the cross section with Rna = 0.8 
becomes twice the result with -Rata = 0. As for the n~p — ► 7i^ir p channel, the total cross 
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FIG. 3: The dependence of the cross section on the 7rAA interaction; (a) 7r + p — > 7r + 7r + n, 
(b) 7r~p — > ir + ir~n, and (c) ir~p — > 7r°7r°n. It is taken -Rata = for the solid line, -Rata = 0.4 
for the dashed line, and Rna = 0.8 for the dashed-dotted line. _In addition, the dotted line 
t with the 7r and iV only. The data from Refs. |2^. 

for ir~p — > 7T + 7r _ n, and 



is t 



ne resu 



27 



28, 



29 



30 



31 



32 



33 



34 



35, 



37 



25 
39 




26] for 7T + p —> 7T + 7T + n, 

for ir~p — > 7r°7r°n. 



section indicates the increase by about 25 % with -R^a = 0.4 and 65 % with -Rata = 0.8 
around T n = 300 MeV. These two channels exhibit large influence of the 7rAA interaction 
on the total cross section. However, if the fit with data is considered, it is still difficult for 
the ir + p — > 7i + 7T°p channel to improve the result by including the 7rAA interaction alone. 

Next we show the dependence of each cross section on the value of f P NA in Figs. El and El 
We do not include the 7rAA interaction instead. We take two values for L/va, 3.5 and 
7.8, referring to the self-consistent calculation of the pNA vertex function 4§J and the iViV 
phase shift analysis using the meson exchange diagram j42(, respectively. 

As for the three channels in Fig. the effect of the pNA interaction is negligible. This 
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200 



300 
T„(MeV) 



400 



200 



300 
T„ (MeV) 



400 



FIG. 4: The dependence of the cross section on the 7rAA interaction; (a) Tt + p — > 7r + 7r°p and 
(b) ir~p — > 7r~ir°p. Each line is the same as that of Fig. El The data from Refs. 



tt + p —* ir + 7r°p and 



29, 



31 



33 



36 



45 



42 



43 



44] for 



46 1 for 7T p — ► 7T 7T°p. 



situation is similar to the case of Fig. El in which the dependence on the 7rA A interaction is 
examined. From the results given in Figs. El and El we can say that the n + p — > 7i + 7T + n and 
7i~p — > 7i°7i°n channels are insensitive to A(1232) and p. Since the experimental data for 
the 7f + p — ► -K +r K + n channel are well reproduced by the theoretical calculation, this channel 
is saturated by the reaction mechanisms and contains only the pion and the nucleon. This 
result is in agreement with other calculations Q, 0] . 

On the other hand, the effect of the pNA interaction is seen in the two channels in 
Fig. El In the 7r + p — > 7T + ir°p channel, the cross section with J p na = 3.5 and 7.8 around 
T v = 200 MeV decreases about 30 % in comparison with the cross section with f P NA = 0. 
In the 7i~p — ► 7T~7T°p channel, the cross section shows large increase over all values of T n . 
Many reports on the value of f P NA are settled in the range of 3.5 < f P NA ^ 7.8, and the 
7i~p — > 7T~-K p channel is sensitive to the variation of J p na m this range. 

Here we comment on the Roper resonance. The experimental data for the n~p — > 7r + 7T~n 
and ix~p — > 7i 7T°n channels can not be reproduced in this paper. It is known that this failure 
can be cured by the Roper resonance iV*(1440) with iV*(1440) — > N(tttt)i = q decay 

HQ. 

However, this resonance was not included in this paper because we concentrate our attention 
on the A(1232) resonance. We note that iV*(1440) — > N(7nr)i =0 contribution appears, at 
tree level, only in Tsa which results from explicit breaking of chiral symmetry. Although 
several improvements are suggested for the treatment of the Roper resonance pflj . the role 
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T„(MeV) 

FIG. 5: The dependence of the total cross section on the pNA interaction; (a) ir + p — > 7r + 7r + n, 
(b) ir~p — > 7r + 7T~n and (c) ir~p — » 7r°7r°n. It is taken f p NA = for the solid line, f p NA = 3.5 for 
the dashed line and f p NA = 7.8 for the dashed-dotted line. The data and the dotted line are same 
as in Fig. El 

of this famous resonance is still in question. 



VI. SUMMARY 

We have calculated the total cross section of the ttN ttttN reaction up to T n = 400 MeV 
and discussed the contribution of A(1232) to this reaction. Applying the chiral reduction 
formula to the invariant amplitude, we have considered the 7rAA and pNA interactions 
which have not been taken seriously so far. Using the numerical values of the coupling 
constants given in the past studies, we have shown that the n^p — > n^^p channels are 
sensitive to these two interactions. If we hope to determine concrete values of these coupling 
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Tjt(MeV) T B (MeV) 

FIG. 6: The dependence of the total cross section on the pNA interaction; (a) ir + p — > tt + 7t°p and 
(b) 7r~p —* ir~ir°p. Each line is same as that of Fig. [21 The data is same as in Fig. ^ 

constants, we need to extend our treatment by, for example, the systematic inclusion of the 
Roper resonance. 

The chiral reduction formula is found to be effective to use to analyze the ttN — > %tiN 
reaction. Owing to this formula we can consider the detail of each reaction mechanism sepa- 
rately from the general framework of pion induced reactions constrained by chiral symmetry. 
This approach has an advantage to gain deeper insight for the nonperturbative features of 
the hadron physics. 
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APPENDIX 

In this Appendix, we show the phenomenological Lagrangians and the A propagator. 
Some useful relations for the isospin matrices are listed, too. 
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hxN N W T a NdV, 



The Lagrangians are written in the following forms, 

m w 

7m/ 



mi? 

fnNA 



m-n 



h v Q vlx {Z)I a {l,\)Nd»ir a + h.c. , 



£ P NN — g P NNN 

fpNA t CT 



2m N 



— N, 
2 ' 



C 



pNA 



^ A CT G^(Z")7,75/ a (|, \)N{d v (f a - d»p va ) + h.c. 



(A.l) 
(A.2) 
(A.3) 
(A.4) 
(A.5) 



where {A^) T = (A+ + , A+, A° A^ ) and A^ T = (p,n). The second-rank Lorentz tensor Q^ u 
is defined by Q^Y) = g^ v — |(1 + 2^)7^7^ (where we take A = — 1 51]). The second term 
of this tensor vanishes if A is on the mass shell (because of 7 M 6 rM (p) = 0), so that Y is called 
the off-shell parameter. In this paper, we assume Z = Z' = Z" = — | for simplicity, that is 

0^f y 9/j.v 

The A(1232) propagator is 



Spu(p) 



{£> + m A ) 
3(p 2 — m\) 



^9au + 



ml 



IpVv ~ IvVp 



(A.6) 



In order to include the A(1232) width phenomenologically, we modify the denominator of 
the A propagator as p 2 — m\ — > p 2 — m\ + im&T a(p 2 )- The width Ta(s) is [l| 

m A |q(\/s)| 3 



r A (s) = r A 



-9(s - (m N + m„) ), 



(A.7) 



Hi |q(m A )| 3 

where q = q(\/s) is the pion spatial momentum in the center of mass irN system with the 
total energy ^/s. 

Finally we list the following relations for the isospin matrices (see appendix A in Ref. 



3), 



raU3 l\rb(3 1^ 
1 V2' 2> V2' 2' 

1 \2> 2' \2> 2' V2' 2> 



1 



3 

6 6 3 6 



(A.8) 
(A.9) 
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